Greater consumption of red meat, processed meat and dairy products has been associated with an increased risk of non-Hodgkin lymphoma (NHL) in several previous reports. Phytanic acid, a saturated fatty acid obtained primarily through the consumption of ruminant meat and dairy products, may offer a potential underlying mechanism for these associations. In a populationbased case-control study of 336 cases and 460 controls conducted in Nebraska during 1999-2002, we examined whether phytanic acid-containing foods or total phytanic acid intake, estimated from a food frequency questionnaire and the published phytanic acid values of 151 food items, were associated with increased NHL risk. Unconditional logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals for overall NHL and the common NHL histologic subtypes. In multivariable models, higher intakes of density-adjusted beef [OR T3 vs. T1 = 1.5 (1.1-2.2); P trend = 0.02], total dairy products [OR = 1.5 (1.1-2.2); P trend = 0.02) and milk [OR = 1.6 (1.1-2.3); P trend = 0.01] were associated with an increased risk of NHL. Intake of total phytanic acid was positively associated with NHL risk [OR = 1.5 (1.0-2.1); P trend = 0.04]. In analyses stratified by NHL subtype, greater consumption of beef was associated with an increased risk of diffuse large B-cell lymphoma, and greater consumption of milk was associated with an increased risk of follicular lymphoma (FL). Total phytanic acid intake was associated with an increased risk of FL and small lymphocytic lymphoma/chronic lymphocytic leukemia. Our results provide support that total phytanic acid and phytanic acid-containing foods may increase NHL risk.
Introduction
Non-Hodgkin lymphoma (NHL) represents a heterogeneous group of malignant neoplasms arising from the lymphoid tissue of the immune system. Temporal shifts and geographic variations in the incidence of NHL suggest a role for environmental factors in the etiology of this disease; however, well-characterized immunosuppressive states such as primary immunodeficiency, human immunodeficiency virus infection and iatrogenic immunosuppression do not fully account for the increase in recent decades (1, 2) . Although factors influencing the risk of NHL in the general population remain largely unknown, the associations between dietary factors and the risk of NHL have been examined given the actions of dietary factors in immune system function (3) .
Greater consumption of red meat and processed meat (4) (5) (6) , and dairy products (7) (8) (9) has been associated with an increased risk of NHL, in several, but not all epidemiologic studies (4, 7, (9) (10) (11) . Phytanic acid (3, 7, 11, 15 -tetramethylhexadecanoic acid) is a 3-methyl, saturated, branched-chain fatty acid formed in the gut of ruminant animals via the degradation of chlorophyll to phytol, and it is primarily obtained in the human diet through the consumption of ruminant meat, dairy products and certain species of fatty fish (12, 13) . The hypothesis that phytanic acid in meat and dairy products is associated with the risk of lymphoma has not been tested. The concentration of phytanic acid in the serum (14, 15) , as well as phytanic acid intake as estimated from a food frequency questionnaire (16) , has been positively associated with the risk of prostate cancer. This increased risk may be due to the generation of reactive oxygen species during the β-oxidation of phytanic acid (17) . High intake of phytanic acid may also confer a growth advantage to lymphoid neoplasms relative to normal cells, as the peroxisomal enzyme α-methylacyl-CoA racemase (AMACR), which is critical to the metabolism of phytanic acid, has been shown to be overexpressed in several tumor lines including lymphoma (18) . In addition, phytanic acid is a natural ligand for the peroxisome proliferator-activated receptor (PPAR)-α shown to regulate cellular proliferation, differentiation, apoptosis and inflammatory signaling (19) ; properties potentially involved in the development of NHL.
In this study, we report our findings from the first investigation of the association between dietary intake of phytanic acid and the risk of NHL. In a secondary analysis, we evaluated possible associations with common NHL subtypes.
Materials and methods

Study population
Detailed information on the study population and the methods for this case-control study have been reported previously (20, 21) . Briefly, the cases included men and women, age 20-75 years, residing in the 66 counties of eastern Nebraska and who had a primary diagnosis of NHL made between January 1999 and December 2002. The NHL cases were identified by the Nebraska Lymphoma Study Group using a rapid case ascertainment system and contacted within 2 months of diagnosis to participate in the study. Individuals with any prior malignancy, other than cutaneous squamous cell carcinoma or basal cell carcinoma human immunodeficiency virus infection, and who were deceased at initial contact or not mentally competent to participate were excluded. All cases were reviewed by an expert hematopathologist (D.D.W.) and classified according to the World Health Organization (WHO) classification of NHL (22) . Of the 529 eligible cases, 387 (73%) participated in the study. Controls were selected by random digit dialing from the same 66 counties in eastern Nebraska and frequency matched to the cases by gender and 5-year age groups. Of the 697 eligible controls, 535 (77%) participated in the study. Informed consent was obtained from all participants prior to the interview. The study protocol was approved by the Institutional Review Board of the University of Nebraska Medical Center.
Dietary assessment and estimation of phytanic acid intake
Information on participant demographic characteristics and medical history, as well as relevant lifestyle and environmental factors, were collected using a structured telephone interview administered concurrently for cases and controls. Following completion of the telephone interview, participants were mailed a modified version of the Block 1995 Revision of the Health Habits and History Questionnaire (23) . This 117-item quantitative food frequency questionnaire (FFQ) assessed the frequency and the quantity of food items consumed during the previous year. Items on the FFQ were the minimum set that could capture at least 90% of the intake of specific nutrients in the National Health and Nutrition Examination Survey II (24) . The Health Habits and History Questionnaire has been validated against dietary records with correlation coefficients in the range of 0.5-0.6 for most nutrients (25) . The FFQ was completed and returned by 348 (90%) cases and 470 (88%) controls. Participants completing the FFQ were slightly older, but were similar with respect to educational attainment, marital status, smoking status and body mass index to participants who did not return the FFQ. In addition, 12 cases and 10 controls were excluded from this analysis for reporting implausible October 4, 2012 total energy intakes of <800 kcal or >6000 kcal for men and <600 kcal or >5000 kcal for women or for leaving >20% of the items blank on the FFQ. In total, 336 cases and 460 controls provided complete dietary data and were included in the present analysis.
Dietary intake of beef, sausage, dairy products and fish was calculated from items on single foods and from mixed dishes using the Health Habits and History Questionnaire food composition tables (23) . Following the approach of Wright et al. (16) , phytanic acid intake was estimated from FFQ items on single foods and mixed dishes using the phytanic acid content values for 151 foods commonly used in home cooking and manufactured products (12) . Daily total phytanic acid intake was computed by multiplying the amounts of food items consumed (grams per day) by the reported phytanic acid content for each food item (milligrams per gram of food) and then summing across all food items identified to contribute phytanic acid to the diet. The phytanic acid content of several cream-based products and species of fish, as well as for sausages and hot dogs, was approximated because specific values for these food items were not available in the literature (12) . As the phytanic acid content of ruminant products is proportional to the total fat content, we assigned a value for cream that was 25% of the value of that reported for double cream. Accordingly, low-fat dairy products were assigned a phytanic acid value half that of their whole-fat counterparts when specific low-fat values were not available. Sausages and hot dogs with unknown beef content were assigned conservative values of 15 and 50% of the phytanic acid value assigned to beef, respectively. As specific types of broiled or fried fish were not queried by the FFQ, we estimated the frequency of consumption for specific types of fish using data for non-Hispanic whites participating in the 1999-2000 National Health and Nutrition Examination Survey II (26) because the data from this nationally representative sample best approximated the period of exposure assessment for the case-control study. Phytanic acid values for specific types of fish were then assigned using the frequency weights obtained from the 1999-2000 National Health and Nutrition Examination Survey II in conjunction with phytanic acid values from the literature. For species of fish in which no phytanic values were reported, we assigned values based on similarities in the type and fat content of fish species.
Statistical analysis
Characteristics of the cases and controls were compared using chi-squared tests for categorical variables and t-tests for continuous variables. Unconditional logistic regression was used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for overall NHL and for six major subtypes of NHL according to the WHO classification: follicular lymphoma (FL), diffuse large B-cell lymphoma (DLBCL), small lymphocytic lymphoma/chronic lymphocytic leukemia (SLL/CLL), marginal zone lymphoma (MZL), other miscellaneous B-cell lymphomas and T-cell lymphomas. Tertiles for food items and estimated phytanic acid levels were examined in all models using cut-points based on the exposure distribution among controls with the lowest exposure group serving as the referent in all models. Linear trends were tested by entering tertile medians as continuous variables in regression models. For all dietary exposures, total energy intake was adjusted for using the energy density method (27) . Covariates included in the final models were age (continuous), sex, education (<12 years, 12-15 years and 16+ years) and total energy intake (continuous). Alcohol consumption, smoking status, body mass index, physical activity, farming status, use of hair dye, history of blood transfusion and fruit and vegetable intake were examined as potential confounders, but were not included in the final models as they were not found alone, or in combination, to change the risk estimates by >10% (28).
We assessed whether the risk estimates for overall NHL were similar for men and women by Wald tests of the cross-product terms for dietary factors and sex, and by sex-stratified analyses. As no departures from additivity in the log-odds of disease were detected for the cross-product terms, and point estimates were similar for men and women in stratified analyses, the combined results are presented here. In addition, based on our a priori hypothesis that the association between phytanic acid and the risk of NHL may be modified by factors contributing to oxidative stress, we examined associations for phytanic acid in models stratified by body mass index (<26.8 versus ≥26.8, median), alcohol consumption (<0.3% kcal/day versus ≥0.3% kcal/day, median) and fruit and vegetable intake (<3.9 servings/day versus ≥3.9 servings/day, median). All tests were two-sided with P < 0.05 considered statistically significant. Data analyses were performed using SAS 9.2 statistical software (SAS Institute Inc, Cary, NC).
Results
A list of top 10 foods contributing to total phytanic acid intake in our study population, as well as their average intake and assigned phytanic acid value, are given in Table I . Cheese and cheese spreads, hamburgers/cheeseburgers, 2% milk, butter, whole milk, beef steak, ice cream, beef (roast or sandwiches), fried fish and cottage cheese were the top 10 food items contributing to total phytanic acid intake. Together, these items accounted for >90% of the total estimated intake of phytanic acid. Conversely, sausage, yogurt and broiled fish each contributed <2% to total phytanic acid intake.
The mean age at diagnosis was 58.6 years for the cases, and the mean age at recruitment was 58.0 years for the controls (Table II) . The majority of cases and controls reported educational attainment in excess of 16 years and were non-smokers. No statistically significant differences in age, sex, educational attainment, first-degree family history of cancer, smoking status, alcohol consumption, body mass index, total energy intake or total estimated phytanic acid intake were detected between cases and controls (P > 0.05). The majority of NHL cases were of B-cell origin (>94%) and classified as SLL/CLL (7.4%), FL (31.3%), DLBCL (26.5%), MZL (8.9%) or other B-cell lymphomas (20.2%), with only a small number of T-cell lymphomas (5.7%).
In models adjusting for age, sex, educational attainment and total energy (kcal), there was an increased risk of overall NHL for participants in the highest tertile of density-adjusted beef intake [OR T3 vs. T1 = 1.5 (1.1-2.2); P trend = 0.02], total dairy intake [OR = 1.5 (1.1-2.2); P trend = 0.02] and milk intake [OR = 1.6 (1.1-2.3); P trend = 0.01] when compared with those in the lowest tertile (Table III) . A positive linear trend was detected for sausage intake (P trend = 0.04). No association with overall NHL risk was detected for cheese, ice cream, yogurt, butter or total fish consumption. In analyses stratified by NHL subtype, the positive association between beef intake and the risk of DLBCL [OR = 2.3 (1.2-4.4); P trend = 0.02] and the positive association between milk intake and FL [OR = 1.9 (1.1-3.2); P trend = 0.02] were statistically significant. No associations were detected for sausage or total dairy intake in stratified analyses, although the ORs were in the direction of an increased risk for both food items across all subtypes examined. No associations were detected for any phytanic acid-containing food and the risk of MZL, other miscellaneous B-cell lymphomas or T-cell lymphomas (data not shown).
Total phytanic acid intake, as well as phytanic acid from beef sources, was positively associated with overall NHL risk (P trend < 0.05) (Table IV) . Phytanic acid from dairy products was in the direction of an increased risk for overall NHL; however, the risk estimates did not reach statistical significance. No association was detected for phytanic acid from fish. In analyses stratified by NHL subtype, total phytanic acid was associated with an increased risk of FL [OR = 2.0 (1.1-3. The associations for total phytanic acid and phytanic acid from beef, dairy products and fish sources were similar in analyses stratified at the median values of body mass index, alcohol consumption and fruit and vegetable intake (data not shown).
Discussion
In this population-based case-control study conducted in Nebraska, higher intake of phytanic acid and phytanic acid-containing foods including beef, total dairy products, milk and sausage were associated with an increased risk of overall NHL. In analyses stratified by NHL subtype, total phytanic acid intake was associated with an increased risk of FL and SLL/CLL, and beef intake and milk intake were associated with an increased risk of DLBCL and FL, respectively. No association with overall or subtype-specific NHL risk was detected for cheese, ice cream, yogurt, butter or total fish consumption.
To the best of our knowledge, no previous study has investigated the association between phytanic acid and the risk of NHL. Consistent with our study hypothesis, we detected a positive association between total phytanic acid levels estimated from a FFQ and the reported phytanic acid content values for 151 commonly consumed food items. In line with the findings for estimated phytanic acid, phytanic acid-containing foods including beef, sausage, total dairy products and milk were associated with an increased risk of overall NHL. These findings are in agreement with previous reports for red meat and processed meat (4-6), total dairy products (7) and milk (7-9); however, null findings have also been reported for meat (7, (9) (10) (11) , total dairy products (4,5) and milk (6, 10, 17, 29, 30) . Higher total phytanic acid intake, as estimated from a FFQ, has been associated with an increased risk of prostate cancer in a cohort of Finnish smokers (16) and higher plasma levels of phytanic acid have been associated with an increased risk of prostate cancer overall (14) and among men fasting for >3 h (15) . Given the high correlations reported for plasma phytanic acid with dairy fat consumption (14) (15) (16) 31) , phytanic acid provides a potential underlying mechanism for the positive association of dairy foods with the risk of prostate cancer (32, 33) and NHL (7) observed in epidemiological studies. In this study, cheese and butter were not associated with the risk of NHL. These findings may, in part, reflect limitations in our assessment of these food items, or suggest that other dietary factors contained in these foods may be mitigating the potential adverse effects of phytanic acid. In addition, previous studies, in agreement with our findings, have generally reported non-statistically significant inverse associations between fish intake and the risk of NHL (3). The finding that no association for phytanic acid from fish with NHL risk was detected may, in part, reflect its low contribution to total phytanic acid, or that other dietary factors in fatty fish, which are highly correlated with phytanic acid, may be inversely associated with NHL risk.
In the secondary analyses, total phytanic acid was associated with an increased risk of FL and SLL/CLL. The risk of FL was strongest for phytanic acid estimated from dairy products and was consistent with findings in the direction of increased risk of FL for total dairy products, milk, ice cream and butter. Phytanic acid estimated from beef, as well as beef consumption, was associated with an increased risk of DLBCL. Beef, sausage and dairy product intakes were also in the direction of an increased risk for SLL/CLL; however, the associations did not depart from unity for any food item examined, reflecting, in part, our limited ability to detect associations for the subgroup analyses. NHL can originate from different pathogenetic processes including an oncogenic drive on cell proliferation and defective apoptosis mechanisms (34) . Our finding that phytanic acid from different food sources was associated with different subtypes of NHL suggests the potential for both etiologic commonality and heterogeneity across NHL subtypes.
Phytanic acid is derived from phytol, the side chain of chlorophyll, by microorganisms in the gut of ruminant animals (13) . Phytanic acid accumulates in adipose tissue and milk of these animals and is primarily obtained in the human diet through their consumption (12, 35) . Although humans can convert free phytol into phytanic acid, they do not accumulate significant amounts of phytanic acid as a result Numbers may not sum to total due to missing data. *P value for the t-test for continuous variables and the chi-squared test for categorical variables when comparing the means and the proportions between cases and controls.
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of consuming plant materials. This is thought to be due to differences in the digestive systems and the microbiomes of humans and ruminant animals (35) . Certain species of fatty fish, such as salmon, also accumulate appreciable amounts of phytanic acid; however, the exact mechanism as to how this occurs remains unclear, but may be due to the ingestion of phytoplankton or related species that accumulate chlorophyll or chlorophyll degradation products. In humans, phytanic acid is first oxidized by α-oxidation to pristanic acid and then by multiple rounds of β-oxidation in the peroxisome to carnitine (13) . High phytanic acid intake may increase β-oxidation and overwhelm antioxidant capacity leading to increased oxidative stress and the potential for malignant DNA transformation (16) . However, the risk estimates for overall NHL were similar in analyses stratified by proxies of oxidative stress including body mass index, alcohol consumption and fruit and vegetable intake at their median values in our sample. Phytanic acid has also been hypothesized to increase the risk of cancer by influencing AMACR expression. In prostate cancer cell lines, phytanic acid has been shown to increase AMACR expression (36), potentially allowing for more efficient metabolism of fatty acids, and that blocking AMACR expression leads to the impaired proliferation of tumor cells (37) . As AMACR has also been shown to be overexpressed in lymphoma cell lines (18) , greater consumption of phytanic acid may influence the progression of lymphomas overexpressing AMACR by conferring a growth advantage to these neoplasms relative to normal cells. However, as phytanic acid has been shown to inhibit the growth of prostate cancer cells in vitro (38) , the potentially deleterious effects of phytanic acid consumption may result from the buildup of downstream products in the α-oxidation pathway arising from the interaction of high phytanic acid intake and high AMACR expression (39) . In addition, phytanic acid is a natural Cut-points based on the exposure distribution among controls. Due to the proportion of controls reporting no consumption of sausage, milk, yogurt or butter, approximate tertiles were created by contrasting participants reporting no intake to those below and above the median intake for consumers.
a Odds ratios estimated from unconditional logistic regression and adjusted for age (continuous), sex, education (<12 years, 12-15 years and 16+ years) and total energy intake (continuous). *P value for the Wald test when modeling tertile medians as a continuous variable.
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ligand for the peroxisome proliferator-activated receptor-α and the retinoid X receptor (39) and, therefore, may also modulate transcriptional activities potentially related to the development of cancer. This study has several strengths including the confirmation of NHL diagnoses by expert pathology review, high response rates for cases (73%) and controls (77%), recruitment of randomly selected, population-based controls sampled from the same source population giving rise to the cases, use of a rapid case ascertainment system to minimize the potential for survival bias and use of a validated FFQ. There were also limitations. First, as phytanic acid values are not currently included in any US database, we relied on the published values for 151 commonly consumed foods in the United Kingdom (12) . Therefore, we had to approximate values for several cream-based products, certain types of fish, sausages and hot dogs, possibly leading to an underestimation of total phytanic acid intake (12, 13) . In addition, butter consumption was probably underestimated in our sample due to the limited information on the contribution of butter from mixed dishes. Second, we estimated phytanic acid using a single FFQ, which may not adequately reflect circulating concentrations and may have allowed for some random misclassification of diet; however, previous studies have shown strong correlations between phytanic acid measured in the serum and the consumption of phytanic acid-containing foods (14, 15, 31) . Third, similar to other questionnaire-based studies of diet and disease, given the high correlations between phytanic acid and total fat (r = 0.40, P < 0.001) and animal fat (r = 0.64, P < 0.001) in our sample, we cannot rule out the potential confounding effects of dietary factors highly correlated with phytanic acid intake. Fourth, the small number of cases limited our ability to detect associations for specific histologic subtypes of NHL. Fifth, we cannot rule out the possibility of residual confounding and recall bias.
In conclusion, our findings provide support that greater consumption of total phytanic acid and phytanic acid-containing foods including beef, total dairy, milk and sausage may increase the risk of NHL. Additional studies, ideally allowing for prediagnostic exposure assessment and the inclusion of phytanic acid measured in the serum, are required to confirm these findings. In addition, the development of a detailed food composition table providing the phytanic acid content values for foods commonly consumed in the USA is needed to obtain more precise estimates of phytanic acid in the diet. Further, differences in the associations between estimated phytanic acid intake and the risk of common NHL subtypes underscores the need for pooled analyses of NHL subtypes to address etiologic heterogeneity. Given the biological plausibility that phytanic acid intake may operate synergistically with AMACR in the etiology of lymphoma, future studies examining differences in the association between phytanic acid and the risk of NHL by AMACR expression levels are warranted.
Funding
American Institute for Cancer Research (99B083); National Cancer Institute (CA94770 and CA100555). Cut-points were based on the exposure distribution among controls. Due to the proportion of controls reporting no consumption of sausage, milk, yogurt or butter, approximate tertiles were created by contrasting participants reporting no intake to those below and above the median intake for consumers. Estimated phytanic acid values reported in milligram per 1000 kilocalories per day).
a Odds ratios estimated from unconditional logistic regression and adjusted for age (continuous), sex, education (<12 years, 12-15 years and 16+ years), and total energy intake (continuous). *P value for the Wald test when modeling tertile medians as a continuous variable.
N.J.Ollberding et al.
